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Physiological Responses of Taxodium distichum Baldcypress and
Taxodium ascendens Pondcypress Seedlings to Different Soil Water Regimes
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Abstract Physiological responses of baldcypress  Taxodium distichum  and pondcypress  Taxodium ascendens
seedlings to a wide range of hydrological regimes were studied. These regimes included control C  mild drought MD
wet soil WS and flooding FL . Both species showed a significant increase in leaf free water content and lower leaf
bound water content under MD and FL conditions as compared to the control C . The free or bound water content in WS
was never lower than that in C in either species. No significant changes were demonstrated in electrolyte leakage and
concentration of malondialdehyde MDA in baldcypress or pondcypress seedlings under MD WS and FL except the
MDA concentration in FL in pondcypress. Flooding significantly increased soluble sugar concentration and decreased
proline content in both species. Moreover proline content was enhanced in baldcypress seedlings but reduced in
pondeypress seedlings in MD and WS. Thus despite a number of similar responses the seedlings of these two congeneric
species exhibited some different traits in responses to water stresses.
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Baldeypress  Taxodium distichum and pondcypress

Taxodium ascendens introduced to China from North
America 80 years ago are commonly found in floodplains
and bottomlands of the Yangtze River valleys of China.
Both are excellent reforestation species for soil erosion
control and soil stabilization. In recent years large-scale
reforestation activities are annually organized to plant
baldcypress and pondcypress young seedlings or sometimes
to directly sow seeds of both species into riparian zone
soils. However many project sites have to be replanted or
re-sown at least partially due to low survival rates.
Although the exact causes of poor performance are
probably multifaceted water stresses on the young plants
may be one of the critical reasons according to previous
studies Pezeshki 1991 Eclan et al. 2002 Kozlowski
2002 Kozlowski et al. 2002 Simone et al. 2003
Jackson et al. 2005 Reforestation and/or restoration
sites are subjected to dynamic hydrological conditions in
riparian systems primarily imposed by human-induced
changes in hydrology. The Three Gorges Dam located in
the middle reaches of the Yangtze River has significantly
altered hydrographs of the valleys. An annual 30 meters
fluctuation of water level is imposed within the reservoir
region that encompasses an area of about 298 km’
stretching over 2 000 km of shoreline Diao et al. 1999
Depending on the slope and depth of base flow both
baldcypress and pondcypress seedlings may be exposed to
an annual range of hydrological regimes from soil drought
to flooding.

In general plant responses to water stresses include
net photosynthetic reduction  stomatal closure and
metabolic adaptation  Gimenez et al. 1992 Pezeshki
2001 Eclan et al. 2002  Fortini et al. 2003
However both free and bound plant water play extremely
important roles in these responses. The free water is
indispensable in various metabolisms in plants and controls
plant metabolic reactions to adverse environments. More
free water might be able to enhance solute accumulation
leading to better osmotic adjustment and tolerance to water

and maintenance of the volumes of sub-cellular

Singh et al. 2006

stress
compartments The bound water
more likely plays a major role in tolerance to abiotic
stresses  El-Saidi et al. 1975 Rascio et al. 1998 Misik
2000 through maintaining the structural integrity and/or
Singh et al. 2006

cell wall extensibility of the leaves

Studying the free and bound water contents in plants may

therefore be of significance to understanding their adaptive
mechanisms.  Furthermore  plant responses to water
stresses in the free and bound water contents in leaves also
might be indicated by some closely related indicators such
as leaf malondialdehyde

electrolyte leakage

concentration  proline content and concentration of

soluble sugars. Previous research on responses of
baldeypress and pondcypress have focused primarily on gas
exchange responses  Pezeshki et al. 1997 1998

Anderson et al. 1999 Eclan et al. 2002  aerenchyma
formation and growth variation Megonigal et al. 1992

Conner et al. 1997 Pezeshki et al. 1999  to soil
flooding while relatively little is known about leaf water
metabolic change in adaptation to such a wide range of
water gradients. Thus the main objective of this research
was to quantify the leaf water physiological functions of
baldcypress and pondcypress seedlings to a series of soil
water contents widely distributed in the riparian zones of
the Yangtze River valleys. Such data may help to explain
the mechanisms involved in responses of both species to

the water regime extremes of flooding and drought.
1 Materials and methods

1.1 Plant material and growing conditions

The baldcypress and pondcypress seeds used in this
experiment were provided by Yunnan Provincial Tree Seeds
Center and sown in Geleshan seedling nursery of Chongqing
Forestry Institute 106°12" E 29°37' N on March 12. On
June 15 120 seedlings of each species with a mean height
of 14.7 and 14.6 cm for baldcypress and pondcypress
13 cm

respectively  were transplanted into containers

width 12 ¢cm depth one plant per pot in which purple
soil  Regosols in FAO Taxonomy or Entisols in USDA
Taxonomy was previously filled. Purple soil is a typical
soil type in the region with a pH value of 6.5. In
consideration of the natural status of the riparian habitat
treatments were not fertilized. Then potted seedlings were
moved into Southwest University’ s Experimental Zone of
Ecology 106°30" E 29°49° N 249 m in altitude about
30 km distance to the Yangtze River  to acclimate under
ambient conditions for about six weeks. Water treatments
began on July 25 in an experimental booth open on four
sides and covered by removable transparent plastic film only
used during rain events.

1.2 Experimental design

A completely randomized block design was adopted in
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the experiment. One-hundred-and-twenty seedlings of
each species were randomly divided into four groups with
30 seedlings for each different group. The four water
mild drought

The C was

treatment groups included a control C
MD  wet soil WS and flooding FL
maintained at a soil water content of 60% ~63% of field
capacity  soil water content measured by weight a
regime where the seedlings showed normal growth and no
wilting during sunny days. The MD had a soil water
content of 47% ~50% of field capacity a regime where
fresh leaves of the seedlings typically wilted around 13 00
and recovered around 17 00. The experimental design for
C and MD was based on field investigations in the riparian
zones of the Three Gorges Reservoir region where tree
seedlings grew normally at soil water content of about
60% ~ 63% of field capacity while experiencing mild
drought stress at 47% ~ 50% . In the WS treatment a
high level of soil moisture near saturation  was
maintained by watering the pots every 2 h from 6 00 to
24 00. Flooding treatments FL  were continuously
flooded 1 e¢m above the soil surface by infusing tap water
into the Dbasins. Flood depth was limited to
1 c¢m to prevent immersion of the foliage of the small
seedlings. Plastic basins 68 c¢m in diameter and 22 c¢m in
depth were used to hold the potted seedlings in the FL
treatment.

Previous literature Eclan et al. 2002  showed that
physiological parameters of baldcypress seedlings can be
significantly affected by soil water treatment in a time
period of six days. Thus a 6 d interval for our data
collection was chosen. Measurements were made on the
growing seedlings on five separate dates July 31

6 12

August
18 and 24. Leaf samples collected before dawn
30 and 6 30 h

between 5 were used for various

measurements in this experiment with five replicates in
each measurement period for each treatment x species
combination. Sampled leaves were contained in sealed
plastic bags covered with a moistened paper towel and ice
in an insulated box for transport to the laboratory for
immediate measurement. The experiment lasted 30 days
and ended on August 25.

1.3 Measurement of physiological responses

1.3.1 Measurement of leaf water contents Leaf
water contents %  were measured according to Zhang
1990 . Total water content was calculated by dry weight

divided by fresh weight. Dry weight was obtained by oven-

dry at 105 °C for 24 h. Free water content was measured
by Abbel refractometer according to Zhang 1990
Bound water content was calculated by total water content
minus free water content.

1.3.2

Electrolyte leakage A conductivity meter HI

8733 Hanna Instruments Woonsocket R. I. USA
was used to measure electrolyte leakage as described by
Zwiazek et al. 1990 and Renault et al. 1998 . About
0.5 g leaves were taken from each of five seedlings per
species X treatment combination washed with deionized
water three times and placed in separate tubes each
holding 20 ml of deionized water. After 5 h of incubation
on an orbital shaker at 50 r min ' initial electrical
conductivity was measured. To obtain total electrolytes
the samples were autoclaved at 121 °C for 15 min followed
by freezing overnight at —85 “C. Then the samples were
thawed for about 5 h in a water bath at room temperature.
Total electrolytes of the sample solution were measured and
the percentage of initial conductivity to the total
electrolytes was calculated as electrolyte leakage.

1.3.3 Malondialdehyde Leaves of the seedlings were
used to measure content of the malondialdehyde MDA
The MDA content was determined according to Kramer et
al. 1991 The absorbance of the supernatant was
determined at 450 532 and 600 nm using an Ultrascope
IIT spectrophotometer Pharmacia LKB UK . The MDA
content was calculated using the following formula C =

6.45 OD,, -OD -0.560D

1.3.4 Proline content

532 600 450

To determine the free proline
content we modified the method adopted by Bates et al.
1973 . A 5.0 mL aliquot of 3%  weight/volume
sulfosalicylic acid was added to 0.5 g of finely ground leaf
powder and a water bath at 100 °C was adopted for
30 min in glass tubes with the top covered. The mixture
was centrifuged at 2 000 g for 5 min at 25 C. A 200 L
aliquot of the abstract was mixed with 400 wL deionized
30 mL glacial
20 mL. deionized water and 0.5 g of
and boiled at 100 °C for 1 h. After cooling

6.0 mL toluene were added. The

water and 2.0 mL of the reagent mixture
acetic acid
ninhydrin

the reaction mixture
chromophore containing toluene was separated and read at
A,,, using toluene as a blank. Proline content was
calculated in mg g~' DW using L-proline for the standard
curve.
1.3.5

Soluble sugars Soluble sugars were extracted

from leaves of baldcypress and pondcypress seedlings n =
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5 per species X treatment combination each time three
times with hot 85% ethanol at 95 °C. The concentrations
were determined colorimetrically using phenolsulphuric

1964

determined with an

acid as described by Smith et al. Absorbance

were

Ultrascope 111
Pharmacia LKB UK and the

readings
spectrophotometer
concentration was calculated on a dry weight basis.
1.4 Data Analysis
Analyses of the data employed GLM Procedures
SPSS 13.0 Version to determine any significant overall
differences among treatment groups. Multiple pair-wise

comparisons Duncan’ s method were used to determine
significant differences at the 0. 05 level between individual

treatment groups.
2 Results

Both species were significantly affected by different

water treatments in water contents malondialdehyde

concentration  proline content and soluble sugar

concentration in contrast to no significant impact on

total water content in both species significantly P <
0. 001

as compared to respective controls C

increased in WS while decreasing in MD and FL
Fig.1 . In
contrast free water content in MD and FL showed
significant increases compared to that in C in either
Fig.2

was 12. 1% higher than in C in baldcypress seedlings

species Moreover free water content in WS
in contrast to no significant difference between WS and
C in pondcypress. Interestingly bound water contents
in MD and FL were significantly lower than in C in

baldcypress and pondcypress seedlings  respectively

Fig.3 Bound water content in WS was not
significantly ~changed in  baldcypress  but was
significantly elevated in pondcypress seedlings as

compared to C. There were no significant effects by
species X time in total water content and by species in
free water content although significant effects were

found in time species X treatment treatment X time and

treatment X species X time in total free and bound water

] ) contents Tab. 1
electrolyte leakage Tab.1 During the experiment
Tab. 1 Results of analysis of variance ANOVA testing for main effects of water treatment
water  Species spp Time and their interactions on water contents electrolyte leakage

malondialdehyde proline

soluble sugars of baldcypress and pondcypress seedlings

n =25 for each species x treatment combination

Response variables

Source Soluble Total water ~ Bound water

Free water Electrolyte

sugars content content content leakage Malondialdehyde Proline
Water 0. 000 0. 000 0. 000 0. 154 0. 000 0. 000 0. 000
Spp 0. 000 0. 000 0.729 0. 000 0. 000 0. 000 0.003
Spp X water 0. 000 0. 000 0. 000 0. 028 0.398 0. 000 0.615
Time 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000
Water x time 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000
Spp X time 0.209 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000
Water X spp X time 0. 000 0. 000 0. 000 0. 006 0. 000 0. 000 0. 000

P =0.154>0.05

Overall there were no significant
treatment effects in electrolyte leakage in baldcypress or
pondcypress seedlings  Tab. 1 Throughout the time
electrolyte leakage gradually

18 d of

period of the experiment

declined in both species  especially after

treatment. However mean values of electrolyte leakage
during the experiment in baldcypress seedlings exhibited
23.8 5.1
C MD WS and FL

P =0.028 <0.05

14. 4 and 2. 6% higher than in pondcypress in

respectively  Fig. 4 reflecting

significant species x treatment effect

in electrolyte leakage. There were also significant species
time treatment X time species X time and treatment X
species X time effects.

There were significant treatment species and time

effects in malondialdehyde concentration in both species

P <0.001 Tab.1 . No significant differences in
MDA were found in either treatment in baldcypress
seedlings  Fig. 5 On the contrary MDA in FL was

significantly higher than C  MD and WS in pondcypress

seedlings in which the latter three groups demonstrated no
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Total water content/%

C MD WS FL

Treatment

Fig. 1 Effects of water treatment on total water content
in leaves of baldcypress and pondcypress
[ Baldcypress [JPondcypress The same below
Seedlings with ditterent treatment. Vertical bars indicate standard
error. Each column stands for the mean of 25 samples. According to
Duncan multiple range test the values of each species with different
letters are significantly different at the 0. 05 level. The lower-case

letters are for T. distichum seedlings while upper-case letters are for

T. ascendens seedlings. control C  mild drought MD  wet soil
WS and flooding FL . The same below.
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Fig. 2 Effects of water treatment on free water content

in leaves of baldcypress and pondcypress
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g. 3 Effects of water treatment on bound water content in leaves of

baldcypress and pondcypress seedings with different treatment
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Fig. 4 Effects of water treatment on electrolyte leakage of leaves

of baldcypress and pondcypress seedings with different treatment

significant difference.  Although species x treatment

interaction was not significant the treatment X time

species X time and treatment X species X lime interactions

were significant.
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Fig. 5 Effects of water treatment on malondialdehyde
concentration in leaves of baldcypress and pondcypress

seedlings with different treatment

Water treatment species time and their interactions
significantly P <0.001 affected proline content of both
baldcypress and pondcypress seedlings Tab. 1

FL significantly P <0.001

Flooding
reduced proline content
of both baldcypress and pondcypress seedlings during the
experiment Fig.6 . By contrast

P < 0.001

proline contents were

significantly increased in baldcypress

seedlings while decreasing in pondcypress seedlings under

mild drought MD and wet soil WS

water stresses as

compared to their respective controls.

1400 - A B
1200
1000
800
600
400
200
0

Proline/(pg.g ~' DW)

MD WS FL

Treatment

Fig. 6 Effects of water treatment on proline content in in leaves

of baldcypress and pondcypress seedlings with different treatment
Overall soluble sugar concentration in flooded FL
seedlings of baldcypress and pondcypress increased
significantly with 16. 6% and 24.9% higher than in C

respectively  baldcypress P < 0.01
0.001 Fig.7

pondcypress P <
However soluble sugar concentration
in MD and WS seedlings was maintained comparable to C
in both species. The treatment X time species X time and

treatment X species X time interactions were significant

but species x treatment was not Tab. 1
3 Discussion

The results of our study suggest that baldcypress and
pondcypress species had some similar traits in water

contents in leaves when counteracting water stresses as
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Fig. 7 Effects of water treatment on soluble sugar content in leaves

of baldeypress and pondeypress seedlings with different treatment

we found significant reductions in bound water and total
waler in contrast to increases in free water under MD and
FL conditions in both species Tab.1 Fig.1 2 and 3

Such adaptive responses in water contents in leaves of both
species might partially reflect their taxonomic proximity
even the same

Although

controversies have existed on whether or not baldcypress

as they originated from the same genus

species as argued by Denny et al. 2007

and pondcypress should be classified as two distinct
botanical species  some physiological differences in
response to adverse environments can be easily detected
as shown in our studies. In fact the two species revealed
significant differences in electrolyte leakage MDA
proline and soluble sugar content Tab. 1

and FL can

Overall water treatment in MD

significantly P < 0.001 elevate free water content in
leaves of both species as compared to C Tab.1 Fig.1

indicating that seedlings of baldcypress and pondcypress
held more water sources available for metabolism at water
regime extremes. However water treatment in WS
maintained free water content in the leaves of pondcypress
seedlings identical to C  reflecting that water sources
subject to metabolic use remained almost unchanged. The
relatively stable free water content in pondcypress was
contrasted with more water sources available in baldcypress
when WS was imposed as compared to C. Free water
content in the plant participates into various metabolic
activities hence limiting the strength of plant metabolism.
Although higher free water content can lead to more
vigorous plant metabolic activities plants usually need to
have more bound water to counteract some environmental
stresses. Bound water content in pondcypress seedlings
showed significant increase in WS indicating that leaf
osmotic adjustment may have played an important role in
adapting to wet soil environment. Interestingly both MD
and FL reduced bound water content in leaves of both

species as compared to C implying that more leaf water

was probably oriented to free water instead of bound water
use so as to strengthen the metabolic activities. This
inference was further verified by significantly P <0. 001
lower ratios of bound water to free water in groups of MD
and FL in both species as compared to C.

Our results were different from previous studies by Ma
et al. 2008 who demonstrated that lower free water
content higher bound water content and a greater ratio of
bound water to free water were important characteristics of
desert Caragana species in adapting to an arid
environment. Such a different result in drought adaptation
might be due to species difference and/or experimental
conditions as Caragana species are dominant species in
the desert region. Different adaptive strategies found in
leaf water contents in baldcypress and pondeypress
seedlings may suggest that metabolic adaptation was more
active than cell osmotic regulation in leaves of both species
to counteract stresses of MD and FL. Thus leaf water
contents in baldcypress and pondcypress seedlings may be
ideal indicators to explain their high tolerances to flooding
and drought.

Increased electrolyte leakage can indicate higher
membrane damage in the leaves. Different water
treatments had no significant effect in electrolyte leakage
in this study demonstrating that membrane damage was not
directly caused by water stresses of drought or flooding.
Given the fact that pondcypress seedlings showed lower
electrolyte leakage than baldcypress throughout the study
period better performance in water stress tolerances may
be found in pondcypress when compared to baldcypress.
This is in agreement with our previous studies that
pondcypress seedlings may be more resilient than
baldeypress in dealing with adverse soil water environment
in responses of leaf gas exchange and root biochemical
Li et al. 2005 2007 2008

adaptation Furthermore

when the experimental treatment progressed electrolyte
leakage was significantly decreased in all four treatment
groups in both species data not shown This time-
dependent reduction in electrolyte leakage implies that
growth of seedlings could significantly P < 0.001

mitigate or reduce membrane damage of the leaves.
Previous studies showed that older and larger seedlings
take on higher capabilities to prevent or escape cell
injuries of leaves imposed by flooding and/or drought

Islam et al. 2003 2004

T-tests found that seedlings of baldcypress and
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pondcypress exhibited parallel P =0.936 0.894 0.951
and 0. 173 >0.05 in C MD WS and FL respectively
responses in levels of MDA within each treatment
illustrating that membrane lipid peroxidation had no
significant difference in seedling leaves in each treatment
and highlighting no significant influence given by species x
treatment interaction Tab.1 . As a marker for membrane
lipid peroxidation Masia 2003 MDA can also react
with  DNA to form adducts to deoxyguanosine and
deoxyadenosine ~ Marnett 1999 . Thus MDA may
directly cause cell deterioration in leaves of both species
probably further leading to inactivation of membrane-bound
proteins and the increase of membrane permeability
Smirnoff 1993  Asada 1999 However overall a
decreasing trend in MDA content in leaves of seedlings
occurred as the experiment treatment continued showing
that seedling growth may enhance the plant’ s anti-stress
capacities otherwise such a gradual decrease may be
attributed to the gradual adaptation of the seedlings to
adverse soil environment.
Proline content was commonly understood as a
biochemical marker of drought-stress level in many plants
Larcher et al. 1981 Ranney et al. 1991

1993 Wang et al. 1995 Ain-Lhout et al. 2001

Schultz et al.
Sofo et
al. 2004 . In our present study proline content in leaves
of baldcypress seedlings was significantly increased under
MD conditions implying that osmotic adjustment of
lowering osmotic potential was functioning. However
pondcypress seedlings exhibited significant lower proline
content in leaves throughout the experiment indicating
either a different strategy or otherwise a higher capacity to
counteract drought-stress-induced damage. Our previous
study found that under mild drought stress conditions
pondcypress seedlings could effectively maintain leaf water
potential and stomatal conductance by continuous water
supply through significant improvement of root growth
especially lateral roots Li et al. 2008 Such an
advantage in pondcypress to deal with soil water deficit
may well explain its lower proline content in the leaves
found in this present study. Interestingly flooding can
significantly reduce proline content during the entire study
period as compared to the controls either in baldeypress
or in pondcypress. Because baldcypress grows better in
flooded conditions Dickson et al. 1972  a low proline

content may suggest less plant stress and increased plant

fitness for the seedlings of both species under flooding.

Thus we may assume that osmotic adjustment may still be
in existence in flooding conditions. Although such an
inference needs to be studied further for baldcypress and
pondcypress Carpenter et al. 2008 documented that
osmotic adjustment was found in roots and shoots of Salix
nigra during flooding stress.

Content and storage of carbohydrates in plant tissues

adverse

Overall

play critical roles for plant

Huang et al. 1995

responses 1o
environmental conditions
the significantly high accumulation of soluble sugars in
leaves of both species in FL suggests that more
carbohydrates were produced by carbon assimilation
activities with mean content values 16. 6% and 24.9%
higher in baldcypress and pondcypress seedlings in FL as
compared to the controls respectively. As a consequence
allocated and/or

more carbohydrates can be stored

translocated  in  plant tissues. = More assimilated
carbohydrates may be one of the critical strategies to
hypoxia tolerance in both baldcypress and pondcypress
seedlings. Bacchus et al. 2000 documented that greater

concentrations of soluble sugars were detected in

pondcypress  branch  tips  due to  anthropogenic
perturbations. Higher total ethanol-soluble carbohydrates
were also found in Salix nigra roots and shoots during soil
moisture stress in periodic flooding and drought treatments

Carpenter et al. 2008 . As our present study focused on

leaf water responses  future experimental tests on
carbohydrates in roots and shoots of baldcypress and
pondcypress seedlings will be necessary in order to
understand their adaptive mechanisms more in depth.

In  conclusion  seedlings of baldcypress and
pondcypress increase leaf free water content while lowering
leaf bound water content to counteract water deficit MD
and flooding FL  conditions. The free or bound water
content in WS never showed less than that in C in both
species. No significant changes were demonstrated in
electrolyte leakage and concentration of MDA in baldcypress
or pondcypress seedlings under MD WS and FL except
the MDA concentration in FL in pondcypress. Flooding
significantly increased soluble sugar concentration and
decreased proline content in both species. Moreover
proline content was enhanced in baldeypress seedlings but
reduced in pondcypress seedlings in MD and WS. Thus
baldcypress and pondcypress seedlings had some different
traits in responses to water stresses although many similar

responses occurred in these two congeneric species.
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